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Using only ll-cis 3, 4-dehydroretinal as a chromophore in the pure-cone retina, American 
chameleon (Anolis carolinensis) detects a wide range of color from ultraviolet (UV) to infrared. We 
previously characterized its visual opsin genes sWSlAc , SWS2Ac , rhlAc, rh2Ac, and lWSAc that encode 
SWS1Ae, SWS2Ac, RH1Ac, RH2Ao and LWSAc opsins, respectively, and the pineal gland-specific 
opsin (PAc) gene. Here we present the light absorption profiles of the visual pigments obtained by 
expressing these opsins and reconstituting them with ll-cis retinal using the COS1 cell cDNA 
expression system. The purified SWS1Ac, SWS2Ac, RHIAe, RH2Ac, LWSAe, and PAc pigments have 
the wavelengths of maximal absorption at 358, 437, 491, 495, 560, and 482 nm, respectively. SWS1Ac 
is the first vertebrate UV opsin whose spectral sensitivity has been directly evaluated. RH1 
pigments, orthologons to the rod pigments of other vertebrates, are sensitive to hydroxylamine in 
the dark, exhibiting a cone pigment-like characteristic, probably reflecting their adaptation to the 
pure cone retina. Interestingly, the blue-sensitive SWS2Ac pigment shows an exceptionally low level 
of sensitivity to hydroxylamine, possessing a rod pigment-like characteristic. © 1997 Elsevier 
Science Ltd 
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~TRODUCTION 
Visual systems of vertebrates differ considerably, 
reflecting their adaptive changes to different photic 
environments (Walls, 1942; Lythgoe, 1979; Yokoyama 
& Yokoyama, 1996). American chameleon (Anolis 
carolinensis) uses l l-cis 3, 4-dehydroretinal (vitamin 
A2 aldehyde) instead of l l-cis retinal (vitamin A1 
aldehyde) as the chromophore (Provencio, Loew, & 
Foster, 1992) and detects awide range of color from UV 
to infrared, having the wavelengths of maximal absorp- 
tion (2max) at 365 nm (E. R. Loew and L. J. Fleishman, 
pers. comm.), 462, 503 and 625 nm (Provencio et al., 
1992). Furthermore, this species is considered to contain 
neither rod photoreceptor cell nor rhodopsin (Yu & 
Fager, 1982; Fowlkes, Karwoski, & Proenza, 1984; 
Walter, Shuster, & Farber, 1986; Provencio et aL, 1992; 
Foster, Garcia-Fernandes, Provencio, & DeGrip, 1993). 
The American chameleon has visual opsin genes 
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sWSl Ac, SWS2Ac, rhl Ac, rh2Ac, and lWSAc (Kawamura & 
Yokoyama, 1993, 1994, 1995, 1996a). The respective 
opsins SWSlAc, SWS2Ac, RH1Ac, RH2Ac, and LWSAc 
encoded by these genes are orthologous to the chicken 
violet, blue, rhodopsin, green and red opsins, respectively 
(Okano, Kojima, Fukada, Shichida, & Yoshizawa, 1992). 
Recently, it has been found that all of these opsins, 
including RH1Ac, are expressed in the rod-less retina 
(Kawamura & Yokoyama, 1997). Thus, the number of 
the visual opsin genes is larger than that of currently 
known functionally distinct pigments. 
The pineal gland of American chameleon, like many 
non-mammalian vertebrates (Underwood, 1990; Korf, 
1994), shows light-dependent daily cycles of melatonin 
synthesis (Menaker & Wisner, 1983; Underwood & 
Hyde, 1989) and contains opsin-like proteins (Foster et 
al., 1993). The American chameleon, like many other 
lizards, has an additional photoreceptive organ, called the 
parietal eye (also known as the third eye), which may 
enhance the detection of dawn and dusk (Solessio & 
Engbretson, 1993). Recently, the genes encoding the 
pineal gland-specific opsin have been isolated from 
chicken (Okano, Yoshizawa, & Fukada, 1994; Max, 
McKinnon, Seidenman, Barrett, Applebury, Takahashi, 
& Margolskee, 1995) and pigeon (Kawamura & 
Yokoyama, 1996b). The American chameleon has the 
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orthologous opsin gene, PAc (Kawamura & Yokoyama, 
1997). In addition to PA~, three retinal opsin genes 
sWSl Ac, SWS2 Ac, and lWSAc are also expressed inthe pineal 
gland and parietal eye. In the latter, sWSlAc is most 
abundantly expressed (Kawamura & Yokoyama, 1997). 
Because of the unique visual system and discrepancy 
between the number of opsin genes and that of 
functionally distinct pigments, it is important o deter- 
mine the function of the Anolis visual pigments. Here we 
report he spectral and biochemical characteristics of the 
six visual pigments. In this analysis, we establish the 
direct connection between a vertebrate opsin and 
ultraviolet sensitivity for the first time. The analysis also 
suggests that rhlAc is adapting to the pure-cone 
photoreceptor system. 
METHODS 
PCR primers 
Figure 1 shows six RT-PCR primers used to amplify 
the six types of full-length opsin cDNAs. Forward and 
reverse primers contain EcoRI and SalI linkers, respec- 
tively, to permit cloning the PCR products into the pMT 
expression vector that contains the synthetic bovine 
rhodopsin cDNA (Khorana, Knox, Nasi, Swanson, & 
Thompson, 1988). To facilitate translation, each forward 
primer contains the Kozak consensus sequence, CCACC 
(Kozak, 1984), followed by the initiation codon. The SalI 
linkers in the reverse primers are followed by 20 (19 for 
PA~) nucleotides of the reverse complement sequence 
starting from the nucleotide at the second position of the 
last codon (second to last codon for sWSlAc). The extra 6 
nucleotides 5'to the linker sites are to facilitate restriction 
digestion and are from the genomic non-coding se- 
quences in the corresponding locations. 
cDNA cloning 
Using the acid-guanidinium extraction method 
(Chomczynski & Sacchi, 1987), about 50 and 4 #g of 
total RNA were prepared from the retina and pineal gland 
of ten American chameleons, respectively. The five 
retinal opsin and P-opsin cDNAs were amplified from 
200 ng of total retinal RNA and 70 ng total RNA from the 
pineal gland, respectively. The first strand cDNA 
synthesis was carried out at 42°C for 1 hr in total volume 
of 20 pl containing 10 mM Tris-HC1 (pH 9.0), 1 mM 
MgC12, 50 mM KC1, 0.1% Triton X-100, 1 mM dNTPs, 
5/~M reverse primers, 20 units of RNasin (Promega) and 
200 units of SuperScript II Reverse transcriptase (Gibco 
BRL). The resulting cDNA was mixed in a total of 100 #1 
of reaction buffer containing 200 #M dNTPs, 1/~M each 
of forward and reverse primers, and 5 units of Taq 
polymerase (Promega) with otherwise the same compo- 
nents as above. PCR was performed by 30-35 cycles at 
92°C for 45 sec, 55°C for 60 sec, and 72°C for 90 sec. At 
each cycle, the duration of the extension reaction was 
progressively extended by 3 sec. After the final extension 
step at 72°C for 10 min, the PCR products were resolved 
in 1.5% agarose gel electrophoresis. About 1.1 kb opsin 
cDNA band was extracted and directly cloned into the 
EcoRV-digested Bluescript plasmid vector with T-over- 
hang attached to 3' ends (Hadjeb & Berkowitz, 1996). 
Nucleotide sequences of the entire region of the cDNA 
clones were determined by standard ideoxynucleotide- 
chain-termination method (Sambrook, Fritsch, & Man- 
iatis, 1989). With the exception of rhlA~ (see Results), we 
selected clones that encode identical amino acid 
sequences to those of the corresponding sequences 
deduced from the genomic clones (Kawamura & 
Yokoyama, 1993, 1994, 1995, 1996a, 1997) for spectral 
analyses of the visual pigments. 
Expression of American chameleon opsin cDNAs in 
COS1 cells and purification of pigments 
The large fragment of the EcoRIISalI-digested expres- 
sion vector contains the sequences necessary for expres- 
FORWARD 
E~ RI Ko~k 
swslAc 5'-cttggc~tgtccggccaagaagactt-3 
SWS2Ac 5'-ctccct~aatt~acc~tgaccatgcagaaatctcg-3 
 hl,o 5'-tcagac aatee aco tgaatggaacgga gg   -3 
rh2Ac 5'-aattaa~aatt~acc~tgaatggaacggaaggcat-3 
lwsAc 5'-gtaggc~aatt~acc~tggcagggaccgtgacgga-3 
pAc 5'-gcgtgtJ6/aatt~acc~tgctcaacgggacccccgg-3 
REVERSE 
SWSIAc 
SWS2Ac 
rhlxc 
rh2Ac 
i wsAc 
pAc 
S#I 
51-ccccc~ggctgacctggetggagga-3' 
5,-gctcct~tcga~gctggggacacttggctgga-3' 
5,-tggtgg~tcga~gcaggagaaacctgacttgt-3' 
5,-tccata~jtcgac~caggtgacacttggctgga-3' 
5 -gggggc~tcgac~ccggcgatacagaggaatt-3' 
5'-ccatgt~tcgac~aagtcattgcatcgttcc-3' 
HGURE 1. Oligonucleotide primers for RT-PCR amplification of American chameleon opsin mRNAs. To obtain the full-length 
cDNA of the six opsin genes, the forward and reverse primers contain the first and last 20 (19 for PAc ) nucleotides of their coding 
regions, respectively. The EcoRI and Sail sites are for cloning into the expression vector pMT. Kozak sequence was inserted 
between EcoRI and start codon to promote translation. 
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sion in cultured COS 1 cells and the last 15 codons of the 
bovine rhodopsin gene, which is necessary for immu- 
noaffinity purification (Molday & MacKenzie, 1983). 
This EcoRIlSalI fragment was ligated with the EcoRI/ 
SalI American chameleon opsin cDNA fragments. The 
resulting plasmid DNAs were purified through ultracen- 
trifugation in CsC1 density gradient (Sambrook et al., 
1989) and were transiently expressed inCOS 1 cells using 
12.5-19#g DNA per 15-cm plate containing 1.2- 
1.4 x 107 cells (Oprian., Molday, Kaufman, & Khorana, 
1987; Karnik, Ridge, Bhattacharya, & Khorana, 1993). 
Transfected cells were harvested 63 hr after addition of 
DNA. COS1 cells from 20 plates were washed once in 
50 mM HEPES (pH 6.6)/140 mM NaC1/3 mM MgC12 
(buffer Y1) at 37°C Cells were scraped off and 
suspended in ice-cold buffer Y2 (buffer Y1 with 10/lg/ 
ml each aprotinin and leupeptin). Hereafter, all treat- 
ments were carried out at 0-4°C in the dark or in dim red 
light (Kodak No. 2 :safelight filter). Pigments were 
regenerated by resuspending cells with 5 #M of 11-cis 
retinal (Storm Eye Inst., Medical Univ. of South 
Carolina) for 3 hr, solubilizing in buffer Y2 with 1% 
dodecyl maltoside (Anatrace, Maumee, OH) and 20% 
(w/v) glycerol for 1.5 hr, and binding to 1D4 Sepharose 
(Molday & MacKenzie, 1983) overnight. As already 
noted, American chameleon uses 11-cis 3, 4-dehydror- 
etinal as the chromophore. Unfortunately, only l l-cis 
retinal is currently available to us. The regenerated 
pigments were washed in 10 ml of buffer W2 (buffer Y2 
with 0.1% dodecyl maltoside and 20% (w/v) glycerol) 
twice and 10 and 1 ml of buffer Wl (buffer W2 without 
aprotinin and leupeptin) once and five times, respec- 
tively. The pigments were further eluted from the 1D4 
Sepharose with 2--4 successive incubations with 40 mM 
of peptide I (the last 14 amino acids of bovine rhodopsin) 
in buffer W1. For LWSAc pigment, every procedure after 
regeneration was shortened in order to minimize a 
possible decay of the pigment: regeneration 2hr, 
solubilization 30 rain, 1D4 binding 1 hr, washing once 
each in 10 ml and 1 ml buffer Wl, and elution once. The 
eluted pigments were concentrated using Centricon C-30 
(Amicon). 
Spectral analysis 
UV visible absorption spectra of visual pigments were 
recorded at 20°C using a HITACHI U-3000 dual beam 
spectrophotometer. For the light bleaching experiments, 
Kodak Wratten Gelatin Filter No. 3 was used to cut off 
wavelengths shorter than 440 nm from a 60 watt room 
lamp, while a 366 nm UV illuminator (MODEL UVL-56 
BLAK-RAY LAMP, 115 V 0.16 A; UVP, Inc.) was used 
for SWS1Ac pigments. Hydroxylamine (NH2OH) sensi- 
tivity of pigments was evaluated by adding a freshly 
prepared 1M NH2OH (pH 6.7) to a final concentration f 
50 mM in the dark and monitoring absorbance up to 14 hr 
after addition of NttzOH. Recorded spectra were 
analyzed using SigmaPlot software (Jandel). For acid 
denaturation experiment the purified pigments were 
denatured atpH 1.8 for 5 min at 20°C using 1 M sulfuric 
acid (H2SO4). 
RESULTS 
Absorption spectra of American chameleon visual 
pigments 
For spectral analyses, with the exception of rhlac, we 
used cDNAs that encode identical amino acids to those of 
the corresponding opsins deduced from genomic lones. 
At codon position 332, the RH1Ac cDNA clone contains 
one nonsynonymous nucleotide difference from its 
genomic DNA sequence (Kawamura & Yokoyama, 
1994) that encodes Asp instead of Glu. Currently known 
vertebrate RH1 opsins (rhodopsins) have either Glu or 
Asp at that site. Thus, the difference between the cDNA 
sequence and corresponding genomic DNA sequence 
obtained from two different individuals i  interpreted asa 
naturally occurring DNA polymorphism rather than a 
cloning discrepancy. 
Absorption spectra of purified visual pigments are 
shown in Fig. 2. With the exception of LWSAc and PAc 
pigments, the pigments how spectra with prominent 
absorption, in addition to a protein absorbance at280 nm. 
The ratios of the protein absorbance to the pigment 
absorbance varied considerably among different prepara- 
tions and were 8.8, 11.3, 3.8, and 26 for SWS1Ac, 
SWS2Ac, RH1Ac, and RH2Ac pigments, respectively. In
comparison, the ratios for the bovine rhodopsin purified 
from rod outer segments and that expressed inCOS 1 cells 
were 1.7 and 2.8, respectively (data not shown), which 
are consistent with those attained in earlier studies 
(Khorana et al., 1988; Oprian et al., 1987; Yokoyama, 
Knox, & Yokoyama, 1995). The higher ratios for the 
American chameleon pigments may be caused by any 
combinations of low rate of matured protein production, 
low rate of pigment regeneration, decay of the regener- 
ated pigment, and the presence of copurifying contam- 
inating proteins. 
The wavelengths of maximal absorption were directly 
measured from the dark spectra for SWS1Ac, SWS2Ac, 
RH1Ac, and RH2Ac pigments (Fig. 2) and from dark-light 
difference spectra for all six pigments (Fig. 2, insets). 
Even though the absorbance peaks for LWSAc and PAc 
pigments were not obvious for the dark spectra, dark- 
light difference spectra were detectable. When the 
regenerated pigments were exposed to light, they showed 
new absorbance peaks at around 380nm (data not 
shown), indicating that 11-cis retinal in the pigments 
was isomerized by light and all-trans retinal was 
released. This shows that the regenerated American 
chameleon pigments are in fact photosensitive. The 2max 
values estimated from dark spectra and dark-light 
difference spectra are close only for the RH1Ac and 
RH2Ac pigments (Table 1), suggesting that the two 
estimates are close when the pigment absorbance peak is 
sufficiently distant from the post-bleaching peak at 
380nm. Since the dark-light difference spectra for 
LWSAc and PAc pigments are sufficiently distant from 
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FIGURE 2. UV-visible absorption spectra of the expressed American chameleon pigments. Spectra re shown without any 
smoothing treatment. Insets: pre- and post-photobleaching difference spectra. Post-photobleaching (light) spectra were 
subtracted from pre-bleaching (dark) spectra. 
the 380nm, the estimated 2max values for these 
pigments seem reliable. Thus, the 2max values of 
SWS1Ac, SWS2Ac, RH1Ac, RH2Ac, LWSAc, and PAc 
pigments are given by 358, 437, 491, 495, 560, and 
482 nm, respectively (Table 1). It should be noted that 
SWS1Ac is the first vertebrate UV opsin whose spectral 
sensitivity has been directly evaluated. In chicken, the 
corresponding violet, blue, rhodopsin, green, red and P- 
opsin pigments have 2max values of 415,455, 503,508, 
571, and 470, respectively (Okano et al., 1992, 1994). 
With the exception of SWS 1Ae pigment of American 
chameleon and violet pigment of chicken, the two sets of 
orthologous pigments have reasonably close 2max 
values. 
Hydroxylamine s nsitivity of American chameleon visual 
pigments 
Hydroxylamine r acts with the retinal in a Schiff base 
linkage, forming retinal oxime and apoprotein in dark. 
Since the reaction takes place in cone pigments but not in 
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TABLE 1. Wavelengths of maximal absorption of American 
chameleon opsin pigments 
L1 L2 
Pigment Dark Dark-Light Estimated Observed 
(W&B) (H) 
SWSIAc 358.0+0.0 344.0± 2.2 371.4 377.3 365 
SWS2Ac 437.0 ± 1.6 452.3 ± 0.5 449.9 444.3 462 
RH1Ac 491.0±0.0 492.3±2.1 517.5 511.5 ND 
RH2Ac 495.0 ±0.8 497.3 ± 0.5 523.0 517.2 503 
LWSAc ND 559.7 ±2.9 621.6 625.7 625 
PAc ND 482.0 ± 1.4 502.8 499.0 ND 
The 2max values (L1) of the Al-pigments were taken from dark and 
dark-light difference spectra of regenerated pigments and are 
given in nm as mean+standard deviation of three measurements. 
Each difference spectrum was obtained by subtracting single post- 
bleaching spectrum from single pre-bleaching spectrum. The 
2max values (L2) of the A2-pigments were estimated from the 
formulae of Whitmore & Bowmaker (1989) (W&B) and Harosi 
(1994) (H) using L1 values of dark spectra for SWS 1 ac, SWS2Ac, 
RH1Ac, and RH2Ac and those of dark-light difference spectra for 
LWSA~ and PA~. The observed L2 values were taken from the MSP 
measurements by E. R. Loew and L. J. Fleishman (pers. comm.) 
for SWSIAc and Provencio et al. (1992) for SWS2Ac, RH2Ac and 
LWSAc. ND, not deterrroned. 
rhodopsins (Johnson, Grant, Zankel, Boehm, Merbs, 
Nathans, & Nakanishi, 1993; Wang, Alder, & Nathans, 
1992), the sensitivity to hydroxylamine has been used in 
distinguishing the cone and rod pigments. Thus, hydrox- 
ylamine (50 mM final concentration) was added to the 
purified SWS2Ac, RH 1Ac, and RH2Ac pigments at 20°C in 
the dark and absorption spectra were recorded. Hydoxyl- 
amine sensitivities can be evaluated by the shift in 2max, 
i.e., decrease in the absorbance peak of pigment and 
increase in that of retinal oxime at around 360 nm (Fig. 
3). For SWSIAc pigment, the sensitivity could not be 
evaluated unambiguously since 2max of the pigment 
(358 nm) is virtually identical to that of retinal exime. 
LWSAc and PAc were not examined for the hydroxyl- 
amine decomposition in the dark because of their low 
pigment yields. 
The reaction to hydroxylamine of the bovine rhodopsin 
pigments exhibits a typical rod pigment and virtually no 
effect of hydroxylamine is detected (Fig. 3). Compared 
with this, all SWS2ac, RHIAc, and RH2ac pigments how 
sensitivity to hydroxylamine, but in varying degrees. The 
half-time of decay for SWS2Ac, RHla~, and RH2ac 
pigments were 5 hr, 2.5 hr, and 2 min, respectively (Fig. 
0.05 Bov ine  Rhodops in  SWS ,,,h, o.o,  
14:min 
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FIGURE 3. Hydroxylamine sensitivity of the expressed American chameleon pigments in the dark. Hydroxylamine was added 
to SWS2Ac, RH1Ac, RH2Ac, and bovine rhodopsin expressed in COS1 cells to a final concentration f 50 mM at time 0 min. 
Absorption spectra were recorded at various times after the addition of hydroxylamine. Temperature was maintained at 20°C. Finally, the samples were exposed to light. Spectra were normalized to 0 at 650 nm. Insets: change of peak absorbance values 
plotted as a function of time after addition of hydroxylamine. 
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3, insets). The reaction of RH2Ac seems typical for a cone 
pigment. 
DISCUSSION 
RH1Ac has not been detected in the retina in an 
immunocytochemical assay (Provencio et al., 1992), 
while it is detected abundantly in cone cells in another 
study (McDevitt, Brahma, Jeanny, & Hicks, 1993). Using 
RT-PCR analysis, it has recently been shown that RH1A~ 
is expressed in the retina at a much lower level than the 
other retinal opsins RH2A~, SWS1A~, SWS2Ac, and 
LWSAc (Kawamura & Yokoyama, 1997). In McDevitt 
and colleagues' (1993) analysis, the authors used three 
monoclonal antibodies raised against rat and bovine 
rhodopsin and nonreactive to mammalian and amphibian 
cone pigments. However, the amino acid sequences 
corresponding to the epitope region of the presumed 
RH1Ac are very similar to that of RH2Ac. Therefore, the 
antibodies hould be able to detect both RH1A~ and 
RH2Ac in the retina. However, Kawamura nd Yokoya- 
ma's (1997) result strongly suggests that RH2Ac pigment 
is most likely to correspond to the observed cone 
pigments with 2max of 503 nm (Table 1). 
We have shown that RH1A~, the American chameleon 
ortholog to the rhodopsins in other vertebrates, is 
sensitive to hydroxylamine and is more like a cone 
pigment than a rod pigment. This is easily explained if we 
assume that RH1Ac is adapted to or in the process of 
adapting to the pure-cone retina. The unexpected 
hydroxylamine sensitivity of RH1Ac pigments leaves an 
interesting possibility that they are expressed in some 
cone cells at low levels and have acquired cone pigment- 
like characteristics during evolution. This hypothesis 
needs to be tested using in situ hybridization and further 
functional characterizations including regeneration rate, 
photosensitivity, photocycle, and signal transduction 
kinetics. 
RH1Ac shows that it contains ix American chameleon- 
specific amino acid substitutions: Ser22Asn, Met155Ile, 
Phe159Cys, Asn199His, Glu232Ala, and Thr319Met 
(Kawamura & Yokoyama, 1994). A deletion of sites 
21-29 leads to a poor chromophore regeneration and 
abnormal glycosylation (Doi, Molday, & Khorana, 1990) 
and site 319 is located in the putative binding domain for 
the transducin (Phillips & Cerione, 1992). Thus, some of 
these six amino acid substitutions in RH1Ac might have 
been important in adapting to the pure-cone retina. On the 
other hand, it is surprising to see that the reaction of 
SWS2Ac to hydroxylamine is much slower than that of 
RH1Ac, exhibiting a rod pigment-like characteristic. It is 
not yet understood what effects these variations have on 
the function of cone pigments. 
For the UV-sensitive SWS 1Ac pigment, there remains a
possibility that the UV peak observed in the pre- 
bleaching spectrum is either from residual free 11-cis 
retinal in solution or from residual 11-cis retinal which 
formed random Schiff base adducts with other proteins. 
However, this is very unlikely for three reasons. First of 
all, when SWS1A~ pigment was denatured by sulfuric 
acid at pH 1.8 to eliminate the amino acid-induced 
spectral shift, the resulting dark spectrum had a peak 
absorbance at440 nm (Fig. 4), which is identical to that 
of a protonated Schiff base 11-cis retinal free in solution 
(Kito, Suzuki, Azuma, & Sekoguchi, 1968). Since acid 
has no effect on the absorbance of free 11-cis retinal, the 
result suggests that the observed 358 nm peak was 
generated by opsin covalently linked to 11-cis retinal in a 
Schiff base linkage. Second, when acid was added to the 
pigment after light exposure, the peak position did not 
change from 380 nm, indicating that all-trans retinal had 
been dissociated from protein before acid was added 
(data not shown). Third, the UV peak appeared only in 
0.04 ¸  
0.03 
Q 
0 
I= 
t l  
0 ~ 0.02 
< 
0.01 
0.00 
300 
- acid 
350 400 450 500 550 
Wavelength (nm) 
FIGURE 4. Acid denaturation of the expressed American chameleon SWS1Ac UV pigment. Absorption spectra were measured 
before ( -acid)  and after (+acid) treatment with H2SO4 to decrease the pH to 1.8. Both spectra were normalized to 0 at 650 nm. 
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the SWSlAc transfection experiments. All of these 
observations suggest that he 358 nm peak in the SWS1Ac 
dark spectrum (Fig. 2) is made by the pigment itself. 
In general, visual pigments with vitamin A2 aldehyde 
(A2-pigments) absorb longer wavelengths than those 
with vitamin A1 aldehyde (Al-pigments) (Dartnall & 
Lythgoe, 1965; Whitmore & Bowmaker, 1989). Since 
American chameleon uses A2-pigments exclusively 
(Provencio et al., 1992; Foster et al., 1993; Provencio 
& Foster, 1993), the 2minx values evaluated in the present 
analysis need to be transformed tothose of A2-pigments. 
The relationship between the 2max value of the A1- 
pigment (L1) and that of the A2-pigment (L2) may be 
expressed by L2 = (L1/52.5) 25 + 250 (Whitmore & Bow- 
maker, 1989). Then, our results imply that SWS1Ac, 
SWS2Ac, RH1A~, RH2Ac, LWSA~, and PAc pigments in 
American chameleon actually have 2max values of 371, 
450, 518, 523, 622, and 503 nm, respectively (Table 1). 
When a rearranged formula L2=104/[(104/L1) - 
0.367 - 0.05054 {(104/L1) - 23.347} 2] from Harosi 
(1994) is used, the corresponding values are given by 
377, 444, 511,517, 626, and 499 nm (Table 1). The two 
sets of L2 values are very close. As already noted, the 
American chameleon A2-pigments in nature exhibit 
2max values of 365, 462, 503, and 625 nm. How do the 
,~max values estimated from the Al-pigments correspond 
to these values? Certainly, the SWS1Ac, SWS2Ac, and 
LWS~,c pigments appear to correspond to the 365, 462, 
and 625 nm A2-pigments, respectively. However, the 
obsenced value of 503 nm in vivo is closer to the 
estimates 518 (or 511) nm of RH1Ac pigments than to 523 
(or 517)nm of RH2A~ pigments. We should note, 
however, that the formulae for the relationship between 
L1 ami L2 were derived empirically using limited 
numbers of species (Whitmore & Bowmaker, 1989; 
Harosi, 1994) and their applicability may be limited. 
Furthermore, the microspectrophotometry data of the 
American chameleon show a low signal/noise ratio and 
have large standard eviations of 7-11 nm (Provencio et 
al., 1992). Since RH2A~ is expressed much more 
abundantly than RHlac in the retina (Kawamura & 
Yokoyama, 1997), the RH2Ac pigment is most likely to 
correspond to the A2-pigment with 2max of 503 nm 
(Table 1). 
In addition to characterizing the function of the retinal 
and nonretinal pigments, our analyses are important in 
elucidating evolutionary relationships among different 
pigments. In particular, the determination of the 2max 
value of the UV-sensitive SWS1Ac pigments enables us 
to ask a series of questions that were previously not 
approachable. The SWS 1 group (Yokoyama, 1994, 1995, 
1996) of vertebrate opsins includes opsins with variable 
2max values: blue opsins of human (Nathans, Thomas, & 
Hogness, 1986) and bovine (Chiu, Zack, Wang, & 
Nathans, 1994), violet opsin of chicken (Okano et al., 
1992), putative UV opsins of goldfish (Hisatomi, Satoh, 
Barthel, Stenkamp, Raymond, & Tokunaga, 1996) and 
mouse (Chiu et al., 1994), and the UV opsin of American 
chameleon. This functional diversity of the SWS 1 group 
provides a set of fascinating questions: (1) what 2max 
value did the ancestor have?; (2) how did these pigments 
achieve the extant 2max values?; and (3) which amino 
acid changes were responsible for achieving such 
functional diversity? To answer these questions, struc- 
tures and functions of additional SWS1 opsins with 
different 2max values will be useful. Evolutionary 
analyses of these opsins will identify amino acid changes 
that are potentially important in determining 2max values 
(Yokoyama, 1994, 1995, 1996; Yokoyama & Yokoyama, 
1990, 1996). These theoretical predictions can be tested 
using site-directed mutagenesis and tissue culture cells 
(e.g., see Sakmar & Fahmy, 1995; Yokoyama, 1996). The 
present analysis provides an important first step in 
answering these fundamental questions. 
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